A requirement of the next generation radio telescopes for astronomy is its ability to cope with the forever increasing problem of Radio Frequency Interference (RFI). Unlike conventional fixed parabolic receivers used currently in astronomy, the application of phased-array beamforming techniques opens the possibility to spatially null RFI in the RF domain prior to signal digitisation. This paper presents results from the second phased-array experimental demonstrator, the One Square Metre Array, on calibration and RF nulling performances. The approach is to deterministically null known RFI in the RF beamforming domain and adaptively remove the remaining RFI in the digital beamforming domain. A novel array calibration technique called the Multi-Element Phase toggle technique (MEP) is presented, which allows a fast and very accurate calibration of wide-band phased-array antennas. Array calibration is shown to determine the extent to which RFI can be removed by experimental verification of simulated null depths.
no loss in sensitivity. This permits several independent observations to be made by different groups of astronomers at the same time. The top-level architecture of SKA and the corresponding distribution of the 32 stations over a region of 300×300 km is shown in Figure 1 . Each station is a phased-array antenna consisting of more than a million receiv- ing elements connected by a hierarchical beamforming network. Resolution requirements impose an aperture synthesis telescope configuration. The sensitivity is determined mainly by the dense ellipse-like concentration of the telescopes in the central region. The remaining remote stations are distributed over an extent of 300 km which allows sub-arcsecond imaging [2] .
In order to be able to detect weak noise signals from distant radio sources it is crucial that man-made RFI signals are suppressed within each station. Each station will comprise of a hierarchy of beamformers operating on both RF and digital signals. Field tests at the Westerbork Synthesis Radio Telescope (WSRT) show that the maximum RFI level from fixed man-made sources (for example TV towers and mobile telephone base stations) at the input of each receiving element of SKA is approximately 70 dB above the expected thermal noise level [3] . If an Analogue to Digital Converter (ADC) is used after each individual receiving element at least 14 bits would be required, assuming that 2 bits of the ADC are below the thermal noise level. This already shows that before any digital beamforming can occur, the RFI sources need to be suppressed by other means. Frequency filtering is not very effective since a wide instantaneous bandwidth is required in SKA (>200 MHz).
Our proposal is to perform analogue RF beamforming with at least 64 receiving elements and apply deterministic RF nulling before the signals are digitised with an ADC and further processed in a digital beamformer. RF deterministic nulling can be used if the location and frequency of the RFI sources are known a priori. Special attention is given in this paper to the variation of the shape of the main beam versus the null location.
The latter is of great importance in radio astronomy since very long integration times (up to several hours) are used to increase the signal-to-noise ratio and/or to create a radio map of a part of the sky. This can only be done accurately when the atmospheric and instrumental errors are calibrated [4] . This means that the beam pattern of the telescopes should be known a priori within a certain tolerance.
In this paper we present an experimental phased-array system called the One Square
Metre Array (OSMA) [5] which was developed to experimentally verify the effectiveness of spatial nulling for radio astronomy applications. OSMA is a scale model with 64 active antenna elements. Measured results of deterministic RF nulling with the OSMA system are presented. It has been found that effective spatial RF deterministic nulling can only be achieved when the amplitude and phase responses of each receiver element is known accurately. A new calibration procedure was developed which allows groups of elements to be calibrated simultaneously by using FFT signal processing techniques [6] . A special characteristic of this technique is that it doesn't require high isolation between the receiving channels. The proposed "Multi-Element Phase toggle" (MEP) calibration method is an extension of a method proposed previously [7] .
II. Deterministic RF Nulling in SKA
Due to the large number of antennas in SKA the physical beamformer implementation will consist of several levels. A possible hierarchical beamforming architecture is shown in Figure 2 . Up to the tile level (approximately 100 antennas) beamforming will be done in analogue circuitry, which is called RF beamforming in this paper. The outputs of the tiles are digitised and further processed by a digital beamforming system. Finally, the output signals from the stations are correlated with each other. By collecting the correlated data within a certain time period, an image of a small part of the sky can be obtained using well-known image processing techniques [4] . Spatial nulling in the proposed architecture of a SKA station can be applied in several domains, i.e., the RF and digital domains. In the digital domain it is straight forward to use a sophisticated adaptive beamformer that doesn't require a priori knowledge of the locations and signatures of the interfering sources. On the other hand, in the RF domain it is far more complex to use some form of adaptivity. Therefore, deterministic nulling will be used in the RF domain in order to suppress fixed and known interfering sources.
Deterministic RF nulling algorithms used to determine the optimal complex weights are well-known from literature and will not be repeated here [7] , [8] , [9] . The basic idea is to subtract cancellation beams from the quiescent beam in such a way that the interfering sources are canceled out. Deterministic RF nulling will only be successful for radio astronomy applications when the number of interfering sources is much smaller than the degrees of freedom. From field tests it was observed that not more than two or three interferers fall into the same IF frequency band of interest [3] . This indicates that deterministic characteristics. The latter will be investigated in Section V.
III. OSMA: An Experimental System for the Square Kilometer Array (SKA)
As a lead up to the new radio telescope SKA, several prototype phased-array systems were defined and built. array is built up from broadband bow-tie elements with an integrated balun printed on RO 4003 substrate with a permittivity of r = 3.38 [12] . The array elements are on a square grid with an inter-element spacing of 75 mm. The array is backed by a ground plane which is rounded at the edges to reduce diffraction effects. A single element of the bow-tie array is shown in Figure 3 (b). The bow-tie array can be used over a 3:1 bandwidth with an average scan loss smaller than 1 dB for scan angles less than 50 degrees w.r.t.
broadside [13] .
The top-level beamforming architecture of OSMA is illustrated in Figure 4 as well as the measurement configuration. The first stage of the beamforming hierarchy is when the 64 active antenna elements are connected to 16 RF beamformer units (RFBF I). Each RF beamforming unit processes data from four antennas. The passive elements are terminated with matched impedance loads. The outputs of the RFBF I units can be connected to both a 16-channel adaptive digital beamforming (ADBF) unit [5] or to a second stage 16-channel RF beamforming unit (RFBF II). The OSMA system can be used in two different modes: a RF beamforming mode, or a mixed RF and digital adaptive beamforming mode.
Both modes of operation can be used simultaneously, either generating two RF beams or alternatively one RF and two digital beams. In this paper only the RF beamforming mode will be considered. The control and data acquisition of the OSMA system is managed by Matlab in conjunction with an experimental measurement system [14] , from which all system devices can be controlled. Matlab provides a powerful interface to control and analyse data from the OSMA system. Graphical-User-Interfaces (GUI) provide real-time control and visualisation of beamforming experiments.
The functional lay-out of the RFBF I units is illustrated in Figure 5 to allow the system to work in the two different modes described previously.
The RFBF I circuits are printed on the same material as the bow-tie antenna elements.
A photograph of a complete RFBF I module is shown in figure 6 . A digital control board remotely controls the settings of the TDU and VAT units. The RFBF II units are identical to the RFBF I units, however the LNA is no longer required in the RFBF II units. Figure 7 illustrates the measured phase for each of the sixteen TDU settings, in agreement with the expected linear relationship of phase with frequency. This phase relation makes it possible to steer the RF beam of the array without squinting over a large frequency range.
IV. Multi-Element Phase Toggle Calibration (MEP)
The purpose of our calibration procedure is to correct for all amplitude and phase errors that occur in the analogue beamforming structure of the OSMA system. These are errors . The first part of the calibration procedure is conducted once inside a high-quality anechoic room. Two separate measurements occur; the first using the calibration elements and the other using a far field source. This results in two measured complex signal coefficients per element:
which can then be used to determine the element coefficients, c k , such that
The second part of the procedure occurs in the real out-door environment where the element electronics coefficients, H . A far field source no longer exists with enough strength to be received by a single element and thus the calibration elements are used. Hence, measure using the calibration elementŝ
By combining the results from both calibration steps it is possible to relate the measured gains and phases of each element to an incident plane wave, H F F k . Following from equation 3 the following is obtained
The ratioâ k /a k gives the required complex gain variations of each element. The discussion so far has however excluded how to accurately obtain the complex coefficients a k and b k .
The remaining part of this section develops a new technique known as MEP to measure these coefficients.
The Multi-Element Phase-toggle (MEP) method is proposed here in order to calibrate groups of elements simultaneously. This is a significant improvement over other techniques which typically calibrate elements individually. Additionally, the technique has the advantage of reducing measurement errors through phase toggling. The method that will be proposed here is an extension of the technique developed by Lee et al. [7] .
The number of elements, K, that can be calibrated simultaneously with the MEP method depends on the number of phase states, N, that are available (in OSMA this is N = 2 4 = 16.) To determine the offset amplitude, g k , and phase, φ k , of K array elements, N measurements are required (one for each phase state.) The elements to be calibrated are set to their maximum gain and the remaining elements to minimum gain, which maximises the SNR. During the measurements the phase shifter setting of the elements that are being calibrated are toggled with a particular step frequency f k . The received signal, S(n) for (n = [0..N − 1]), from each measurement is now given by: In the preceding example the MEP technique is used at 2 GHz where the TDU has 16 phase states between 0 and 2π. At other frequencies, above and below this is no longer the case. The complex offsets a k can be calculated by applying a DFT or by standard linear equation solver. The obtained accuracy at frequencies other than 2 GHz is equal to the accuracy obtained at 2 GHz.
V. Experimental results from OSMA
The following sections present results from the OSMA system. Firstly, antenna patterns are measured and compared with simulations in both the spatial and frequency domains.
Null depths as a function of RFI spatial location are measured and compared with theoretical results. Finally, the main beam variations and directivity losses are measured.
A. Measured Antenna Patterns
The RF nulling performance of the OSMA RF beamforming system was measured in the frequency range of 1.5 to 3 GHz. The direction of the OSMA array positioner in the H-plane is given by θ and the direction in which a deterministic null is placed is θ RF I . Figure 10(a) shows the measured H-plane antenna pattern at f=2 GHz, with and without a null placed at θ RF I = 10
• . The broadside direction (or location of the transmit horn) of the array is at θ = 0
• . The main beam direction is given by θ LOOK , and in this case,
• . An uniform amplitude taper was used for the quiescent pattern, however deterministic nulling changes these amplitudes to position the null. The measured null • is more than -30 dB w.r.t. the main beam is equal to 320 MHz. This is in close agreement with the predicted bandwidth of 325 MHz according to the following expression [9] :
where L=0.6 m is the length of the array and S is the null depth below the original sidelobe pattern. 
B. Null Depth versus RFI Location
The null-depth that can be realised in practical arrays is limited by the number of bits that are used to perform the complex weighting. Other errors, such as offsets or timevariations, will also affect the null depth, but can be minimised by using an appropriate calibration scheme (see Section IV). The average null depth that can be expected [15] is plotted in figure 12 (a). From this figure it can be observed that with OSMA (4-bit quantised phase and 64 array elements) an average null depth of -37 dB w.r.t. the main beam can be made. However, in the principles planes of the array the null depth will be significantly higher (-28 dB), because groups of elements in the array will have the same phase settings. Related to directivity loss is the variation of the shape of the main beam versus location of the null. This is of importance in radio astronomy since for accurate synthesis imaging calibration of the primary antenna pattern of the various stations is needed [4] . The measured variation of the main beam within the half power beamwidth versus null location is shown in figure 13 (b). The measured data was normalised to a reference pattern. For most situations the variation is less than ±0.4 dB within the half power beamwidth (which was measured to be 12
• for the quiescent pattern.) From figure 13(b) it is clear that the shape of the main beam mainly depends on the location of the "sidelobe" of the cancellation beam that falls into the main beam region of the quiescent beam. Therefore, the shape of the main beam with deterministic nulling can be predicted quite accurately. The latter makes it possible to compensate for this effect in the (digital) back-end electronics.
VI. Conclusions
The next generation of phased-array telescopes for astronomy faces many new chal- Phase toggle method) was introduced which allows fast and accurate measurement of each elements phase and gain offsets. Several advantages exist for this technique, including simultaneous element calibration and improving sensitivity to system noise.
Thus, this paper has shown how it is possible to build a phased-array instrument for astronomy which greatly improves on traditional parabolic reflector techniques. The use of array processing algorithms in hierarchical configurations will make it possible for astronomers to obtain cleaner images.
